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(57) ABSTRACT 
Several methods of calibrating a wavelength-modulation 
spectroscopy apparatus configured to measure a concentra 
tion of an analyte in a sample gas are disclosed. Each of the 
methods allows for calibration and recalibration using a rela 
tively safe gas regardless of whether the sample gas for which 
the concentration of the analyte can be determined is a haz 
ardous gas. In one embodiment of the invention, calibration 
that is sample-gas specific is accomplished by determining a 
first slope coefficient and calibration function for the sample 
gas, after which a scaling factor can be determined based on 
the first slope coefficient and a second slope coefficient for the 
same or a different sample gas and used in a Subsequent 
calibration (or recalibration) to scale the calibration function. 
In other embodiments of the invention, calibration that is not 
sample-gas specific is accomplished to allow for the determi 
nation of the analyte concentration in variable gas composi 
tions and constant gas compositions. 
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FIG. 3 
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1. 

METHOD OF CALIBRATINGA 
WAVELENGTH-MODULATION 

SPECTROSCOPY APPARATUS USINGA 
FIRST, SECOND AND THIRD GAS TO 
DETERMINE TEMPERATURE AND 
PRESSURE VALUES TO CALCULATE 

CONCENTRATIONS OF ANALYTES IN AGAS 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is a divisional of U.S. Ser. No. 12/249,096 
filed on Oct. 10, 2008 now U.S. Pat. No. 7,943,915, the entire 
disclosure of which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

The invention relates generally to spectroscopy methods 
and apparatuses, and more particularly to a method of cali 
brating a wavelength-modulation spectroscopy apparatus. 

The majority of wavelength-modulation spectroscopy gas 
analyzers employ a technique called 2f, where laser wave 
length is modulated at 1 fbut the resulting signal demodulated 
at the second harmonic, designated as 2f, to produce the 
second harmonic spectrum of the analyte. The magnitude of 
the harmonic spectrum (e.g., the peak height) is then used to 
determine the analyte concentration in the sample gas. Such 
as, but not limited to, the concentration of moisture (water 
vapor) in natural gas. This determination of analyte concen 
tration is made based on a defined relationship between the 
analyte concentration and the magnitude of the harmonic 
spectrum, and often relies on the peak height of second har 
monic spectrum. However, the 2fpeak height is affected not 
only by analyte concentration, but also by the pressure, tem 
perature, and composition of the sample gas. As a result, 
calibration of these analyzers is sample gas-specific (i.e., an 
analyzer calibrated to measure the concentration of an analyte 
in Sample gas A (e.g., natural gas) cannot accurately measure 
the concentration of the same analyte in sample gas B (e.g., 
nitrogen or air)). Furthermore, an analyzer designed to deter 
mine the concentration of an analyte in a particular sample 
gas that is hazardous (e.g., toxic, flammable, explosive, etc.) 
can only be calibrated during manufacturing and re-cali 
brated using the same hazardous gas. 

Therefore, a need exists for a method of calibrating a wave 
length-modulation spectroscopy apparatus that would allow 
for calibration with a relatively safe gas while providing the 
ability to measure analyte concentration in various sample 
gases. 

BRIEF DESCRIPTION OF THE INVENTION 

Several methods of calibrating a wavelength-modulation 
spectroscopy apparatus configured to measure a concentra 
tion of an analyte in a sample gas are disclosed. Each of the 
methods allows for calibration and recalibration using a rela 
tively safe gas regardless of whether the sample gas for which 
the concentration of the analyte can be determined is a haZ 
ardous gas. In one embodiment of the invention, calibration 
that is sample-gas specific is accomplished by determining a 
first slope coefficient and calibration function for the sample 
gas, after which a scaling factor can be determined based on 
the first slope coefficient and a second slope coefficient for the 
same or a different sample gas and used in a Subsequent 
calibration (or recalibration) to scale the calibration function. 
In other embodiments of the invention, calibration that is not 
sample-gas specific is accomplished to allow for the determi 
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2 
nation of the analyte concentration in variable gas composi 
tions and constant gas compositions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a high-level component diagram of an 
exemplary wavelength-modulation spectroscopy apparatus. 

FIG. 2 illustrates a flowchart of one embodiment of the 
method of calibrating a wavelength-modulation spectroscopy 
apparatus. 

FIG.3 illustrates a flowchart of another embodiment of the 
method of calibrating a wavelength-modulation spectroscopy 
apparatus. 

FIG. 4 illustrates an example abridged calibration matrix 
for 2fwavelength-modulation spectroscopy of moisture in air 
computed in one embodiment of the invention. 
The drawings are not necessarily to Scale, emphasis instead 

generally being placed upon illustrating the principles of the 
invention. In the drawings, like numerals are used to indicate 
like parts throughout the various views. 

DETAILED DESCRIPTION OF THE INVENTION 

In one embodiment of the invention, there is provided a 
method of calibrating a wavelength modulation spectroscopy 
apparatus. A high-level component diagram of an exemplary 
wavelength-modulation spectroscopy apparatus to be cali 
brated is illustrated in FIG. 1. A skilled artisan would appre 
ciate the fact that the calibration methods of the invention are 
not limited to a particular spectroscopy apparatus, and can be 
practiced with wide range of wavelength modulation spec 
troscopy apparatuses. 
A wavelength-modulation spectroscopy apparatus can 

include a monochromatic radiation 100 passing through a 
sample gas 105, a detector 120 that detects the intensity of the 
radiation 100 transmitted through the sample gas 105, a pres 
sure sensor 110 and a temperature sensor 115 monitoring the 
sample gas pressure and temperature, respectively, and elec 
tronic circuitry 125 which can be employed to wavelength 
modulate the radiation 100 at a modulation frequency, pre 
amplify, acquire and demodulate by phase-sensitive detection 
the signal from the detector 120, at a harmonic of the modu 
lation frequency, to produce a harmonic spectrum; and deter 
mine analyte concentration based on the measured spectrum, 
pressure and temperature of the sample gas 105. A skilled 
artisan would appreciate the fact that the configuration of a 
wavelength-modulation spectroscopy apparatus can vary 
from the configuration described herein, depending on tech 
nical requirements and design. 

Generally, a wavelength-modulation spectroscopy appara 
tus, which can be configured to measure an analyte concen 
tration in a sample gas, requires calibration. Assuming that a 
wavelength-modulation spectroscopy apparatus detects the 
n" harmonic spectrum of the analyte, the relation of the 
analyte concentration X, expressed as the mole fraction of the 
analyte in the sample, to the n" harmonic spectral signal 
magnitude H(via) can be generally described by the follow 
ing equation: 

t (1) X = . H., (V, a) + b 
P. L. S(T). I d(v(t) + acos(cot))cos(not)d (cot) 

The relation of the analyte concentration X to the ampli 
tude of the n' harmonic spectrum. H.(vo,a), which is 
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defined as the maximum of the harmonic spectral signal mag 
nitude, can be described by the following equation: 

t (2) X = Hnin (vo, t P. L. S(T). I d(vo + acos(cot))cos(not)d (cot) n (Vo, a) + 
= C(P. T., y). H., (vo, a) + b 

wherein the calibration slopefunction C(PTY) can be defined 

t (3) C(P, T, y) = 
( y) P. L. S(T). I d(vo + acos(Cot))cos(not)d (cot) 

P is the total pressure of the sample gas; 
L is the absorption path length; 
S(T) is the spectral line intensity; 
d(v) is the spectral line profile function; 
v(t) is the center frequency of a monochromatic radiation; 
vo is the spectral line transition frequency cm'); 
a is the wavelength modulation amplitude; 
() is the angular frequency relating to the modulation fre 
quency (f) as (0–2. If and 
b is an intercept coefficient that corresponds to the contribu 
tion from noise floor of harmonic spectrum. Due to the noise 
floor, even if the analyte concentration X equals Zero, the 
spectral amplitude H.(Voia) can not normally reach Zero, 
thus requiring a non-Zero intercept coefficient b. 

The spectral line intensity S(T) (cm/psi) is temperature 
dependent and can be defined by the following equation: 

Q(Tcf) exp(-c2Ef T) 1 - exp(-c2 vo/T) Tief 
Q(T) exp(-c2 Ef Tef) 1 - exp(-c2 vof Tef) T 

(4) 

wherein 

Q(T) is the total internal partition sum: 
c=1.4387752 cm K is the second radiation constant; and 
E is the lower state energy cm). 

Employing the Voigt line profile function for describing the 
spectral line profile, 

(5) 2 nor r-e ey 
d(y) = p(v) = a f dy 

wherein the auxiliary variables r, w, and y are defined as 
follows: 

Wiln2 AvC (6) 
AVD 

2 Viln2 (v - vo) (7) 
* -- 

AVD 

2 v In2 y (8) 
y = AVD 
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4 
The Doppler linewidth (FWHM) can be defined as follows: 

Ayn = 7.1623 x 107 y T D F i. O 

The pressure-broadened linewidth (FWHM) can be 
defined as follows: 

Avi-YP 

(9) 

(10) 

The effective pressure-broadening coefficient (FWHM) Y, 
which can be both gas-specific and temperature-dependent, 
can be defined as follows: 

(11) y =XX,Y, 
i 

y(T) = y(Tcf)(Teff T) (12) 

In equation (11), X, and Y, are the mole fraction of the th 
component of the sample and the pressure-broadening coef 
ficient (FWHM) due to perturbation by the j" component, 
respectively. 

Equations (5)-(10), describing the spectral line profile 
d(v), indicate that a variation in Sample gas pressure (P), 
temperature (T), and composition can lead to a change in 
spectral line profile d(v). 

In one embodiment of the invention described with refer 
ence to flowchart illustrated in FIG. 2, to calibrate a wave 
length-modulation spectroscopy apparatus, a plurality of val 
ues of the calibration slope function defined by the equation 
(3) can be determined, for each sample gas, and for a plurality 
of sample gas pressure values and a plurality of sample gas 
temperature values. These calibration slope function values 
can be conveniently represented in a matrix form for each 
sample gas. The calibration process can be performed at the 
development stage, manufacturing stage or during the life 
time of a spectroscopy apparatus. 
At step 210, a first plurality of harmonic spectra (H) of 

known analyte concentrations (X) in a sample gas can be 
determined at a reference pressure P, and a reference tem 
perature T. The sample gas can be a relatively safe gas or 
hazardous gas. 
At step 220, a slope coefficient C(PTay) for the sample 

gas corresponding to the reference pressure P, and reference 
temperature T and the intercept coefficient b can be deter 
mined based on the first plurality of harmonic spectra (H) of 
known analyte concentrations (X) determined at step 210. 
e.g., by a linear fit of the data to equation (2). A skilled artisan 
would appreciate the fact that other methods of determining 
the slope coefficient and the intercept coefficient value based 
on the determined spectra are within the scope and the spirit 
of the invention. At this stage, the effective pressure-broad 
ening coefficient (Y) can be left undetermined. 
At step 230, a second plurality of harmonic spectra (H) of 

one or more known analyte concentrations (X) in the sample 
gas can be determined at various gas temperatures (T). 
At step 240, a plurality of values of a temperature-depen 

dent constant 

t 

L. S(T) 

and a plurality of values of an effective pressure-broadening 
coefficient Y of the sample gas, corresponding to the various 
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gas temperatures (T) can be determined based on the second 
plurality of harmonic spectra (H) determined in step 230 and 
the intercept coefficient b determined in step 210, using the 
following procedure. 

Doppler linewidth Av, at the various temperatures can be 
calculated according to the equation (9). The spectral line 
profile function d(v) can be assumed to be defined by the 
Voigt line profile defined by the equation (5). The values of 

t 

L. S(T) 

and Y can be varied to fit each measured spectrum to equation 
(1) until the difference between simulated and actual results is 
minimized, thus yielding the true values of 

t 

L. S(T) 

and Y. In one embodiment, a standard non-linear least square 
fitting routine can be used for this purpose. The fitting proce 
dure can be repeated to determine 

t 

L. S(T) 

and Y values at the various temperatures. A skilled artisan 
would appreciate the fact that other methods of determining 
these values based on the measured spectra are within the 
Scope and the spirit of the invention. 
As is evident from its formula, the temperature-dependent 

COnStant 

t 

L. S(T) 

has at least one temperature-dependent variable (e.g., S(T)), 
while other variables or constants are not necessarily tem 
perature-dependent (e.g., It is not temperature-dependent, 
and L is not necessarily temperature-dependent). 

At step 250, the temperature-dependence exponent e for 
calculating the pressure-broadening coefficient for a given 
temperature is determined, by fitting Y and T values to equa 
tion (12). 

At step 255, the temperature-dependent constant 

t 

L. S(T) 

and the of pressure-broadening coefficient Y are determined 
for various temperatures within a specified range at a speci 
fied step size, according to equations (4) and (12), respec 
tively. 

At step 260, the calibration slope function C(PTY) for the 
sample gas at a plurality of gas temperature values and pres 
Sure values can be determined according to equation (3). The 
calibration slope function values can be conveniently stored 
in a matrix form. FIG. 4 illustrates an abridged calibration 
matrix for 2f wavelength-modulation spectroscopy of mois 
ture in air. 
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6 
Steps 210-260 can be performed for each of the sample 

gases that might be involved in the manufacture and use of a 
wavelength-modulation spectroscopy apparatus. They con 
stitute the engineering calibration, which can be performed at 
the development stage of the spectroscopy apparatus. At the 
manufacturing stage or during the apparatus lifetime, a spec 
troscopy apparatus can be recalibrated to account for varia 
tions of the spectroscopy apparatus being recalibrated from 
the apparatus used for the engineering calibration. The re 
calibration procedure can be performed using a relatively safe 
sample gas. 
At step 270, a plurality of harmonic spectra (H) of known 

analyte concentrations (X) in a sample gas of choice (e.g. a 
relatively safe gas) can be determined at a reference pressure 
P, and a reference temperature T. 
At step 280, a slope coefficient C(PTay) for the sample 

gas corresponding to the reference pressure P, and reference 
temperature T and the intercept coefficient b can be deter 
mined based on the plurality of harmonic spectra (H) of 
known analyte concentrations (X) measured at Step 270, e.g., 
by a linear fit of the data to equation (2). A skilled artisan 
would appreciate the fact that other methods of determining 
the slope coefficient and the intercept coefficient value based 
on the determined spectra are within the scope and the spirit 
of the invention. 
At step 290, a scaling factor can be determined as the ratio 

of the slope coefficient value determined at step 280 and the 
slope coefficient value determined during the engineering 
calibration at step 220 for the same sample gas. 
At step 295, each of the calibration slope function values 

determined during the engineering calibration at step 260 can 
be multiplied by the scaling factor determined at step 290 to 
produce an adjusted calibration matrix comprising a plurality 
of adjusted calibration function values. This adjusted calibra 
tion matrix and the intercept coefficient b determined at step 
280 enable the determination of analyte concentration in a 
sample gas based on the measurement of a harmonic spec 
trum, according to equation (2). 
A wavelength-modulation spectroscopy apparatus cali 

brated in this manner is versatile and able to accurately mea 
Sure analyte concentration in different background gases 
within a specified range of sample gas pressure and tempera 
ture. In addition, it allows the use of a relatively safe gas for 
manufacture calibration, Verification of calibration, and reca 
libration, thus facilitating the regulatory compliance. Since 
both the calibration matrix and intercept coefficient are pre 
determined, it does not require Substantial microprocessor 
capabilities for digital signal processing and analyte concen 
tration determination. Therefore, the calibration method 
according to the invention provides a viable, cost-effective 
Solution to the calibration challenge associated with a wave 
length-modulation spectroscopy apparatus. 

In another embodiment of the invention, described with 
reference to FIG. 3, the values of the temperature-dependent 
COnStant 

t 

L. S(T) 

and the intercept coefficient b are pre-determined with a 
sample gas of choice (e.g., a relatively safe gas) during the 
calibration process. Assuming Sufficient microprocessor 
capabilities, the analyte concentration X and the effective 
pressure-broadening coefficient Y can be determined simul 
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taneously in real time by a spectroscopy apparatus, using the 
pre-determined values of the temperature-dependent constant 

t 

L. S(T) 

and the intercept coefficient b determined during the calibra 
tion process. An advantage of this method is that the values of 
the temperature-dependent constant 

t 

L. S(T) 

and the intercept coefficient b pre-determined during the cali 
bration process using a relatively safe sample gas can be used 
in computing the analyte concentrations in any "real life 
sample gas, thus requiring no prior knowledge of the sample 
gas composition. The calibration method can comprise the 
steps 310-350 as illustrated by the flowchart of FIG. 3. 
At step 310, a first plurality of harmonic spectra (H) of 

known analyte concentrations (X) can be determined for a 
relatively safe sample gas, at a reference pressure P, and a 
reference temperature Tre? 
At step 320, a slope coefficient C(PTay) for the sample 

gas corresponding to the reference pressure P, and reference 
temperature T, and the intercept coefficient b can be deter 
mined based on the first plurality of harmonic spectra (H) of 
known analyte concentrations (X) determined at step 310, 
e.g., by a linear fit of the data to equation (2). A skilled artisan 
would appreciate the fact that other methods of determining 
the slope coefficient and the intercept coefficient value based 
on the determined spectra are within the scope and the spirit 
of the invention. At this stage, the effective pressure-broad 
ening coefficient (Y) can be left undetermined. 

At step 330, the temperature-dependent constant 

t 

L. S(T) 

and the effective pressure-broadening coefficient Y of the 
sample gas, corresponding to a known temperature can be 
determined based on at least one harmonic spectrum (H) at 
the known temperature and a known pressure of the sample 
gas and the intercept coefficient b determined in step 320, 
following the procedure described with respect to step 240. In 
one embodiment, the sample gas in step 310 can differ from 
the sample gas in step 330. In the event that the sample gas in 
step 310 is the same as the sample gas in step 330, the 
harmonic spectrum used in step 330 can be selected from the 
plurality of harmonic spectra determined in step 310 and the 
known temperature can be the reference temperature T 
At step 340, at least one harmonic spectrum of unknown 

concentration of analyte in a “real life sample gas as well as 
the pressure and temperature of the “real life’ sample gas are 
measured. 

At step 350, these values can be fitted by a spectroscopy 
apparatus to equation (1) in real time to determine the analyte 
concentration X in and the effective pressure-broadening 
coefficient Y of the “real life’ sample gas, based on the pre 
determined values of 
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t 

L. S(T) 

and b, and based on the harmonic spectrum, pressure, and 
temperature of the “real life sample gas that are measured. 
The steps 310-330 can be performed at the development 

and manufacturing stage of a spectroscopy apparatus. The 
steps 340-350 can be performed during the lifetime of the 
spectroscopy apparatus. 

This embodiment involves only minimal engineering or 
manufacturing stage calibration yet enables accurate real 
time determination of analyte concentration in a sample gas 
of unknown composition. The engineering or manufacturing 
stage calibration can use a sample gas of choice, which can be 
a relatively safe gas, and the calibration is not sample gas 
specific. A wavelength-modulation spectroscopy apparatus 
produced according to this embodiment is able to respond 
effectively to any change in sample gas pressure, temperature 
and composition to ensure accurate determination of analyte 
concentration. This is especially valuable for process gas 
analysis where the gas composition is often variable. 

In another embodiment, the calibration method illustrated 
in FIG. 3 can be employed for applications where the com 
position of a sample gas is constant. In those applications, an 
intermediate microprocessor can be used to determine the 
effective pressure-broadening coefficient Y of the sample gas 
only once when a spectroscopy apparatus is employed to 
measure the sample gas for the first time. The analyte con 
centrationX in the sample gas can be determined in real time 
by the spectroscopy apparatus using the once determined 
effective pressure-broadening coefficient Y, and the pre-de 
termined values of the temperature-dependent constant 

t 

L. S(T) 

and the intercept coefficient b determined during the calibra 
tion process. This embodiment employs the same steps 310 
350 discussed above, but only determines the effective pres 
sure-broadening coefficient Y of the “real life sample gas 
once and determines the analyte concentration based, in part, 
on this effective pressure-broadening coefficient Y. 

In operation, when a spectroscopy apparatus is employed 
to measure a certain gas for the first time, at least one har 
monic spectrum, the pressure and the temperature of the 
sample gas are measured and can be fitted to equation (1) to 
determine the analyte concentration X and the effective pres 
Sure-broadening coefficient Y, based on the predetermined 
during the calibration process values of 

t 

L. S(T) 

and b determined in steps 310-330. In the subsequent mea 
Surements of the same sample gas, the analyte concentration 
can be determined in step 350 in real time according to equa 
tion (2), based on at least one measured harmonic spectrum, 
the once determined effective pressure-broadening coeffi 
cient y, and the pre-determined during the calibration process 
values of 
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L. S(T) 

and b. 
This embodiment involves only minimal engineering or 

manufacturing stage calibration with a sample gas of choice, 
which can be a relatively safe gas, while enabling accurate 
real-time determination of the analyte concentration in a 
sample gas of unknown yet constant composition. 

This written description uses examples to disclose the 
invention, including the best mode, and also to enable any 
person skilled in the art to make and use the invention. The 
patentable scope of the invention is defined by the claims, and 
may include other examples that occur to those skilled in the 
art. Such other examples are intended to be within the scope 
of the claims if they have structural elements that do not differ 
from the literal language of the claims, or if they include 
equivalent structural elements with insubstantial differences 
from the literal language of the claims. A skilled artisan 
would appreciate the fact that any variants of the calibration 
method and the embodiments still fall within the scope and 
the spirit of the invention. 
What is claimed is: 
1. A method of calibrating a wavelength-modulation spec 

troscopy apparatus configured to measure a concentration of 
an analyte in a sample gas, said method comprising the steps 
of: 

determining an intercept coefficient reflecting contribution 
from the noise floor, said determination based on a plu 
rality of harmonic spectra of known concentrations of 
said analyte at a reference pressure and a reference tem 
perature of a first sample gas: 

determining a temperature-dependent constant reflecting 
spectral line intensity corresponding to a known tem 
perature of a second sample gas, said determination 
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based on said intercept coefficient and at least one har 
monic spectrum of known concentration of said analyte 
at a known pressure and said known temperature of said 
second sample gas; 

determining an effective pressure-broadening coefficient 
of a third sample gas, said determination based on said 
intercept coefficient, said temperature-dependent con 
stant, a pressure of said third sample gas, a temperature 
of said third sample gas, and at least one harmonic 
spectrum of said analyte in said third sample gas; and 

determining a concentration of said analyte in said third 
sample gas, said determination based on said intercept 
coefficient, said temperature-dependent constant, said 
effective pressure-broadening coefficient, the pressure 
of said third sample gas, the temperature of said third 
sample gas, and at least one harmonic spectrum of said 
analyte in said third sample gas. 

2. The method of claim 1, wherein said steps of determin 
ing said intercept coefficient and said temperature-dependent 
constant are performed during the development and manu 
facturing stage of said apparatus. 

3. The method of claim 1, wherein said first sample gas and 
said second sample gas are relatively safe. 

4. The method of claim 1, wherein said first sample gas and 
said second sample gas are the same. 

5. The method of claim 1, wherein said first sample gas, 
said second sample gas, and said third sample gas are the 
SaC. 

6. The method of claim 1, wherein said step of determining 
said effective pressure-broadening coefficient of said third 
sample gas is performed once when said apparatus is 
employed to measure said third sample for the first time. 

7. The method of claim 1, wherein said step of determining 
said concentration of said analyte in said third sample gas is 
performed in real time. 


